Abstract Brain tumor cells invade adjacent normal brain along white matter (WM) bundles of axons. We therefore hypothesized that the location of tumor intersecting WM tracts would be associated with differing survival. This study introduces a method, voxel-wise survival analysis (VSA), to determine the relationship between the location of brain tumor intersecting WM tracts and patient prognosis. 113 primary glioblastoma (GBM) patients were retrospectively analyzed for this study. Patient specific tumor location, defined by contrast-enhancement, was combined with diffusion tensor imaging derived tractography to determine the location of axons intersecting tumor enhancement (AXITEs). VSA was then used to determine the relationship between the AXITE location and patient survival. Tumors intersecting the right anterior thalamic radiation (ATR), right inferior fronto-occipital fasciculus (IFOF), right and left cortico-spinal tract (CST), and corpus callosum (CC) were associated with decreased overall survival. Tumors intersecting the CST, body of the CC, right ATR, posterior IFOF, and inferior longitudinal fasciculus are associated with decreased progression-free survival (PFS), while tumors intersecting the right genu of the CC and anterior IFOF are associated with increased PFS. Patients with tumors intersecting the ATR, IFOF, CST, or CC had significantly improved survival prognosis if they were additionally treated with bevacizumab. This study demonstrates the usefulness of VSA by locating AXITEs associated with poor prognosis in GBM patients. This information should be included in patient-physician conversations, therapeutic strategy, and clinical trial design.
Introduction
Glioblastoma (GBM) is the most common and deadly primary brain tumor in adults. Despite advancements in therapy, prognosis remains poor with a mean survival of 14.6 months [1] . Interestingly, a number of prognostic factors including age, performance status, extent of resection, and adjuvant therapy have been found to moderately predict differences in survival [2] [3] [4] [5] [6] [7] . Other prognostic factors, such as tumor location, have been more difficult to assess.
Some studies suggest that tumor location affects survival and may play a role in prognosis [6] [7] [8] . One recent study found a relationship between long-term responders and tumors located in the left and right hemispheres, where greater than 36 month survivors tended to have tumors located in the left hemisphere, while patients with survival greater than 12 months tended to have right hemisphere tumors [9] . Other studies, however, with smaller patient numbers have not found a relationship [10] . Interestingly, Ellingson et al. found that responders of radiochemotherapy (i.e. patients with greater than 12 month time to progression) presented with tumors at two cerebral locations, one in each hemisphere [9] . Along similar lines, promoter methylation of O6-methylguanine DNA methyltransferase (MGMT), a regulatory gene associated with a favorable survival outcome, has been shown to be more prominent in left-hemispheric GBMs, particularly located in the posterior subventricular zone [11] .
Glioma cell migration into healthy brain tissue has been shown to occur along the path of white matter (WM) tracts [12, 13] . This occurs through a complex process of adhesion, motility, and invasion [14] . Recent studies suggest that imaging can predict the benefit of gross total versus subtotal resection based on calculated invasiveness metrics [15] . Cell invasion maps also can predict response to bevacizumab at recurrence [16] . This suggests that imaging prior to therapy can predict patient prognosis.
Diffusion tensor imaging (DTI) is sensitive to the orientation and density of WM tracts due to water preferentially diffusing along WM tracts [17] . DTI is commonly used for surgical planning in neuro-oncology [18] [19] [20] [21] [22] allowing surgeons to distinguish and avoid major WM tracts. Diffusion imaging has also more recently been used in mathematical calculations modeling brain tumor migration and infiltration [23, 24] . Serial diffusion scans [25] [26] [27] [28] [29] as well as DTI directional information have also been used to model glioma invasion [30, 31] . It remains unclear however whether tumors intersecting specific WM tracts are associated with prognosis.
In this study, DTI atlas-based tractography is used as a pre-surgical prognostic indicator for a clinical population presenting with GBM. Since glioma cells are known to infiltrate along WM tracts, we explored patient survival as a function of tumor-intersecting WM tract location. We hypothesized that GBMs intersecting the corpus callosum or WM tracts leading to critical brain stem regions such as the cortico-spinal tracts would be associated with a poor patient outcome prior to any therapy. To accomplish this, we introduce a method for determining the spatial relationship between a binarized patient specific metric (location of tumor intersecting WM tracts in this case) and patient outcome.
Methods

Patient population
Patients with pathologically confirmed primary GBM were screened retrospectively from our clinical database for this IRB approved study. Inclusion criteria required patients to have a T1-weighted pre-and post-contrast (T1?C) MRI prior to any therapy, outcome information including overall survival (OS). If available, progression-free survival (PFS) was defined as the time between diagnosis and progression noted radiographically, progression of neurological symptoms (i.e. RANO criteria) [32] , or by consensus of our institution's Brain Tumor Board. 113 patients fit these criteria and were subsequently included in this study. PFS data was available on 76 (67.3 %) of the patients. Following initial presentation, 85 (75.2 %) underwent a subtotal surgical resection (i.e. some contrast enhancement left behind), 20 (17.7 %) underwent gross-total resection, and 8 (7.1 %) had a biopsy only and no resection.
Image acquisition
Imaging was gathered prior to surgery using one of our institutional MRI scanners. This included either 1.5T or 3T GE magnets (General Electric Health, Waukesha, WI). Commonly employed 2D T1 weighted spin echo sequences were collected before and after a dose of gadolinium contrast agent. Though some variance in parameters is common on our site, example parameters at 1.5T scan were a TR of 500 ms and an echo time (TE) of 9.5 ms. For 3T a TR of 600 ms and a TE of 10 ms were used.
Image processing
The pre-surgical T1?C image was used to generate a tumor region of interest (ROI) for each patient using a semi-automated thresholded segmentation technique followed by manual correction of mis-classified voxels. To bring each patient into the same anatomical space, the T1?C images were co-registered to the Montreal Neurological Institute (MNI) brain template using a 12 degree of freedom affine transformation [33, 34] . The tumor ROIs were then brought into the same space using the T1?C coregistration matrix parameters. Whole brain deterministic atlas-space tractography was generated using the 3dProb-TrackID [35, 36] program from the Analysis of Functional Neuroimages (AFNI) [37] toolbox applied to the freely available DTI brain atlas from the Illinois Institute of Technology [38] . Tractography datasets for each patient were then reduced to those template space tracts that intersected enhancing tumor. These tracts were then transformed into binarized maps of AXon bundles Intersecting Tumor Enhancement (AXITEs) (Fig. 1) . To allow for greater overlap between patients and to fill in gaps between WM fibers, the binary maps were three-dimensionally convolved with a 5 mm fwhm Gaussian kernel then binarized (Fig. 1, Left) .
Statistical comparisons
Voxel based analytic methods [39] were adapted for use in this experiment using custom in-house MATLAB (Mathworks; Natick, MA) software. A nonparametric log-rank (Kaplan-Meier) survival test was computed for each voxel, where groups were defined by the presence or lack of an AXITE (method shown in Fig. 1 ). To control for population sampling errors, voxels with 10 or more patients in each survival group (those with versus those without AXITEs present in each specific voxel) were included in the statistical analysis. The whole brain map of z-scores corresponding to the log-rank comparison was thresholded at a significance level of p \ 0.05. To control for multiple comparisons, we ran a simulation to determine what cluster size minimized sensitivity to false positives using AFNI's 3dClustSim command. Clusters of at least 15 contiguous voxels were found to indicate significance free from multiple comparison errors. OS and PFS map level comparisons were generated. To ease labeling and interpretation of WM tract clusters, major WM ROIs from the FSL toolbox were used to mask the statistically thresholded clusters. Each cluster is reported according to the specific ROI it fell into. The number of patients in each survival groups in the voxel with the most significant p value in each cluster is also reported along with the median survival of each group (Table 1) .
Bevacizumab became standard of care during the retrospective period analyzed for this study. To determine if there was a spatial relationship between patient survival and the addition of this treatment, we performed a voxelwise two-sample t-test comparing patient survival between those who received the drug and those who did not. Voxel inclusion required AXITE presence from at least 10 patients in each treatment group (w/bev vs. w/o bev).
Age has been shown to predict patient outcome. Therefore to assess whether age was a factor in tumor location, a voxel-wise analysis was done comparing age of patients with an AXITE in each voxel to those with AXITEs elsewhere. Clusters were again limited to those comprised of at least 15 voxels.
Results
VSA revealed that patients with tumors intersecting the right anterior thalamic radiation (ATR), right inferior fronto-occipital fasciculus (IFOF), bilateral cortico-spinal tracts (CSTs), and corpus callosum (CC) had decreased OS compared to patients with tumors intersecting WM tracts elsewhere. Results from the OS, PFS, and survival differences due to bevacizumab are shown. The major WM regions are the cortico-spinal tract (CST), the anterior thalamic radiation (ATR), the inferior fronto-occipital fasciculus (IFOF), and the inferior longitudinal fasciculus (ILF). Decreased survival was found in all clusters in the OS analysis. Decreased PFS was found in all clusters except those marked with an asterisk (*) which were found to be associated with increased PFS. The bevacizumab group survived longer than the non-bevacizumab group in all clusters indicated (all clusters p \ 0.05 corrected for multiple comparisons)
PFS analysis also showed WM clusters associated with increased PFS including the right genu of the CC and anterior IFOF. Figure 2 (bottom) shows axial views of the statistically thresholded PFS map (p \ 0.05, corrected for multiple comparisons). Table 1 contains details for each cluster including the median survival and number of patients in each group along with the Talairach coordinates [40] corresponding to the peak p-value in each cluster. The voxel-wise t test comparing survival with patients dichotomized by bevacizumab treatment, revealed that patients with tumors intersecting clusters in the CST, CC, ATR, and IFOF were associated with increased overall survival (Fig. 3) (p \ 0.05, corrected for multiple comparisons). Our requirement of at least 10 patients in each group per voxel led to a much smaller mask in this analysis compared to the OS and PFS (Supplemental Fig. 1) . Voxels outside the masks were excluded. Interestingly, age turned out to be a factor with tumor location. A large cluster in the posterior left parietal lobe was associated with younger patients, while a smaller subset of clusters in the right frontal lobe was associated with older patients (Supplemental Fig. 2) . The peak blue cluster voxel was located at coordinates [24.5, 63.5, 26.5] with an average age of 55, while the peak red cluster was located at [-11.5, -18.5, -3.5] with an average age of 67.
Discussion
This study introduces a new technique for assessing the survival implication of brain tumor-intersecting WM tracts. We found that GBMs intersecting major WM tracts such as the cortico-spinal tract, inferior fronto-occipital fasciculus, inferior longitudinal fasciculus, and anterior thalamic radiations are associated with decreased OS and PFS, even prior to any therapy. This is likely due to brain tumors having direct infiltration routes to the brain stem and other structures imperative for physiological function such as breathing, swallowing, and maintaining blood pressure. The results from this study are clinically relevant in several ways. First, patient expectations and prognosis should be assessed when brain tumors present intersecting WM tracts we found to be associated with decreased survival. Unfortunately in many of these regions, the balance of resectability versus maintaining function limits surgeons. Radiation oncologists may however have the option of treating these tumors more aggressively. Finally, when patients are selected and grouped for clinical trials, the location of tumors may need to be assessed and those associated with poor prognosis placed equally in test groups.
An area of decreased PFS but not the OS was found in the left inferior longitudinal fasciculus. Several previous studies have found this region associated with language and semantics specifically on the left (for a recent meta-analysis see Binder et al.) [41] . Our definition of PFS included increased neurological symptoms, which may have been more apparent as language deficits. This may also be the case for the corticospinal tracts where decreased motor and sensory function may be noticed earlier by patients and physicians.
Clusters of significantly increased overall survival were not observed anywhere in the brain using VSA. This suggests that only AXITEs associated with poorer overall survival prognosis exist. We have found, however, that the right genu of the CC and anterior IFOF are regions associated with increased PFS. This prolonged progression free survival in these areas could come from a decrease in tumor enhancement caused by the inclusion of bevacizumab in some subjects' treatment plans. Tumor phenotype may also play a role.
The areas of increased overall survival associated with subjects who had additional bevacizumab therapy were promising. Anti-angiogenic drugs are thought to reduce vascular growth in tumors by disrupting the VEGF pathway. While these drugs have not consistently been shown to increase overall survival, we have found that there may be a survival benefit based on the spatial location of the tumor. Antiangiogenic drugs have been shown to increase local invasion [42] , yet it remains to be seen whether there is a tumor location dependence of this phenomenon. It should be noted that the mask of included data (Supplemental Fig. 1 ) was substantially smaller than the OS and PFS analyses. This is an interesting topic for future research in a much larger study.
There are several potential shortcomings to this analysis. Full treatment regimen, was not controlled for. To properly control for treatment, greater than 10 patients in each treatment arm would need to be present in each voxel. Because our study was limited to 113 patients, this approach was unfeasible. Controlling for treatment variables such as number of resections, radiation dose, chemotherapry regiments, etc. would require a much larger patient population. These variables provide potential routes for future research. Age dependence of tumor location we believed to be unlikely, yet we found subtle age dependence of two clusters. Our findings appear to go against a recent analysis where older patients were found to have more posterior tumors [9] . Differences in methods may account for the discrepancy. We did however find R/L differences in addition which was not reported in Ellingson et al. [9] . Given our much smaller sample size, we believe more research is necessary in a larger population with more similar methods.
Patient specific DTI was also not assessed. We relied on a DTI atlas for tractography calculations. We believe however that our atlas approach provided superior AXITE assessment, as it was not affected by patient specific degrading of fractional anisotropy near tumors due to edema. A formal comparison of atlas based results and those found with patient specific DTI is another avenue for further research. Alternative approaches using FA maps rather than tractography should also be performed to determine the significance of the directionality of tracts.
This study demonstrates the usefulness of VSA by locating AXITEs associated with poor overall survival prognosis in GBM patients, while showing the spatially dependent survival advantage to GBM patients who were given bevacizumab. Tumors intersecting the right ATR, right IFOF, right and left CST, and CC were associated with decreased OS. Tumors intersecting the CST, body of the CC, right ATR, posterior IFOF, and IFL are associated with decreased PFS, while tumors intersecting the right genu of the CC and anterior IFOF are associated with increased PFS. Subjects who had bevacizumab have a significantly improved survival prognosis if their tumors intersect the ATR, IFOF, CST, or CC. This information should be used to guide therapy options and patient expectations.
